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Abstract

To elucidate mechanisms underlying neovascularization that
accompanies certain chronic immune/ inflammatory disorders,
the effects of interferon-a (IFN-a) and interleukin 2 (IL-2) on

endothelial cell (EC) growth in vitro and angiogenesis in vivo
were studied. Preincubation of cultured human ECs with IFN-
a, followed by exposure to IL-2, resulted in effective stimula-
tion of cell growth, whereas either cytokine alone had only a

slight effect. The combination of IFN-a/IL-2 induced an an-
giogenic response in the rabbit cornea. IL-2 receptor expres-
sion was enhanced on IFN-a-treated ECs: p55 was increased
and p70 was induced. '25I-IL-2 binding to ECs treated with
IFN-a was enhanced (Kd from 7 nM to 260 pM with

IFN-a), and anti-p55 IgG blocked '25I-IL-2/EC interaction as

well as IL-2-mediated ECproliferation. Consistent with these
findings in cell culture, immunohistologic studies demonstrated
p55 and p70 antigen in the vasculature of rheumatoid joints, but
not in normal joint tissue. Exposure of cultured ECs to IFN-a
increased levels of intracellular ECbasic fibroblast growth fac-
tor (bFGF), and subsequent addition of IL-2 led to bFGF re-

lease into the medium. The observation that anti-bFGF IgG
largely blocked EC proliferation in response to IFN-a /IL-2
suggested that bFGFwas a critical agent in this setting. These
data suggest a mechanism rendering ECs responsive to IL-2
which may be relevant in immune/inflammatory disorders:
IFN-a-mediated induction of functional ECreceptors for IL-2,
which drives cell proliferation by a mechanism dependent on

increased synthesis and release of bFGF. (J. Clin. Invest.
1993. 91:2504-2512.) Key words: binding sites * cell division-
inflammation * neovascularization * rheumatoid arthritis

Introduction

Formation of new blood vessels is an ongoing process which
subserves multiple different roles spanning early development
to promotion of tumor growth ( 1, 2). The angiogenic response,
including endothelial cell (EC)' migration and proliferation, is
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1. Abbreviations used in this paper: b, basic; EC, endothelial cell; FGF,
fibroblast growth factor; r, recombinant.

probably principally induced in vivo by a limited number of
agents, such as the family of heparin-binding growth factors (3,
4), particularly the fibroblast growth factors (FGFs) (5, 6).
Regulation of the production of these factors occurs in re-
sponse to a myriad of environmental perturbations (3). In-
growth of new vessels in disorders involving immune/inflam-
matory mechanisms, such as the rheumatoid joint or corneal
pannus (7, 8), for example, is a situation in which multiple
cytokines could modulate the vascular response. In this con-
text, IL- 1 is a cytokine which suppresses endothelial growth in
vitro and angiogenesis in vivo (9), probably in large part due to
suppression of high-affinity receptors for FGF.

In this report, we provide further evidence linking cyto-
kines to the regulation of endothelial proliferation. IL-2 is
shown to potently stimulate endothelial growth in vitro and
blood vessel formation in vivo, after exposure of EC to inter-
feron-a (IFN-a). IFN-a enhances expression of the p55 chain
of the IL-2 receptor, and induces p70, resulting in a functional
EC receptor (10) with intermediate affinity for the ligand (Kd

260 pM). On subsequent addition of IL-2, promotion of EC
growth occurs by a mechanism that involves IL-2-mediated
release of bFGF. Based on these observations, we hypothesize
that IFN-a induces endothelial responsiveness to IL-2, altering
proliferation and, probably, multiple other cellular properties
as well.

Methods

Recombinant cytokines and antibodies. Purified human recombinant
(r) IL-2 and rIFN-a were provided by Biogen (Geneva, Switzerland).
Human r basic (b) FGFwas provided by Dr. F. Bertolero (Farmitalia,
Milan, Italy). Inactivation of cytokines was accomplished by heating at
950C for 20 min. 25I-rIL-2 (sp act 600 Ci/mmol) and "2'I-rbFGF (sp
act 1,400 Ci/mmol) were purchased by Amersham (Milan, Italy). IgG
fraction of neutralizing anti-bFGF rabbit antisera (British Bio-Tech-
nology Ltd., Oxford, UK) and of preimmune rabbit serum were ob-
tained by Affi-Gel Protein A (Bio-Rad Laboratories, Richmond, CA)
affinity chromatography. Neutralizing mAbsagainst IL-2R chains p55
and p70 were obtained from Technogenetics (Milan, Italy) and from
Endogen (Boston, MA), respectively; all antibodies were used at the
final concentration of 5 ,gg/ml or as indicated.

Cell cultures. ECs were obtained from umbilical vein and grown as
described (9). For proliferation studies, ECs (passages 2-5) were plated
at 104 per well in 24-well plates precoated with gelatin (0.2%; Sigma
Chemical Co., St. Louis, MO)for 24 h. Cultures were then washed with
HBSS, and maintained for an additional 96 h in medium 199 contain-
ing 20%FCS(control medium). After this time, fresh control medium
containing cytokines, bFGF, or antibodies was added, and cultures
were incubated for the indicated periods. During the final 12 h of cul-
ture, cells were pulsed with 0.5 ,Ci of [3H]thymidine (sp act 25 Ci/
mmol, Amersham), and then cells were washed 10 times with HBSS
and detached with trypsin, and the DNAwas precipitated with trichlo-
roacetic acid (10%; vol/vol), collected on filters (0.2 gm; Gelman
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Sciences, Inc., Ann Arbor, MI) and the radioactivity was determined.
Exposure of endothelial cultures to IFN-a/IL-2 did not result in cell
lysis during the proliferation studies or radioligand binding experi-
ments (see below). This was assessed by (a) exclusion of trypan blue,
(b) no increase in release of lactate dehydrogenase into the culture
medium, and (c) the presence of an adherent cell population with no
increase in floating cells.

Surface binding and internalization of "MI-labeled cytokines. For
IL-2 binding studies, preconfluent cells (106 in six-well plates), cul-
tured in the presence or absence of IFN-a (500 pM) for 24 h, were
incubated for 40 min at 370C in 1 ml of medium 199 containing 10%
FCSand 0.1% sodium azide, with different concentrations of '25I-IL-2
alone (total binding) or with a 200-fold excess of unlabeled IL-2 (non-
specific binding). Monolayers were then washed extensively with
HBSS, and membrane-bound radioactivity was eluted using glycine
buffer (0.2 M, pH 2.8) for 45 s at 4VC (neither cell lysis nor detachment
occurred during the experiment or the following elution procedure).
Specific binding was determined as the difference between total and
nonspecific binding, and data were analyzed by nonlinear least-squares
analysis using a one-site model in a scientific data analysis program
(Fig. P, Biosoft, Cambridge, UK). In one set of experiments ECs were
incubated as above with a fixed concentration of '25I-IL-2 (0.5 nM) in
the presence or absence of different concentrations of anti-IL-2R p55
mAb(anti-CD25).

For IL-2 internalization studies, preconfluent cells were main-
tained in control medium for 48 h, stimulated with intact or heat-inac-
tivated IFN-a (0.5 nM) for 18 h, washed twice, and then incubated for
4 h more at 37°C in the same medium with "'I-IL-2 (1 nM), in the
presence or absence of 200-fold excess of unlabeled cytokine. At the
end of incubation period, cells were washed five times with HBSS.
Membrane-bound radioactivity was eluted with glycine buffer as
above, and the internalized (i.e., endocytosed) radioactivity was ex-
tracted by lysing the cells in PBS containing Triton X-100 ( 1%).

For bFGF binding studies, preconfluent ECs grown in 24-well
plates and maintained in control medium for 48 h were cultured for an
additional 24 h in the presence of either IFN-a, IFN-a plus IL-2 (0.5
nM each), or heat-inactivated cytokines. Cells were then washed and
incubated for 2 h at 4°C in medium 199 supplemented with 0.2%
gelatin with different concentrations of '25I-bFGF, in the presence or
absence of a 200-fold molar excess of unlabeled bFGF. At the end of
incubation period, cultures were washed three times with PBS, once
with high-salt buffer (2 MNaCl, 25 mMHepes, pH 7.2), and then
lysed with phosphate buffer (0.1 M, pH 8.1 ) containing Triton X- 100;
binding data were analyzed as above.

For bFGF internalization studies, cultures were incubated in con-
trol medium for 48 h, stimulated with native or heat-inactivated IFN-a
for 18 h, and then cells were washed twice with PBS and once with
acidic buffer (medium 199 at pH 3.0) for 45 s at 4°C. Next, cells were
incubated in control medium containing '25I-bFGF (0.5 nM) in the
presence of native or heat-inactivated IL-2 (0.5 nM) for 2 h at 37°C.
Controls for nonspecific uptake of "'I-bFGF also contained 200-fold
molar excess of unlabeled bFGF. At the end of incubation, membrane-
bound "'I-bFGF was eluted after washing in low- and high-salt buffers
(see above), and internalized 125I-bFGF was subsequently released by
dissolution of the monolayers with Triton X- 100 ( I %; see above).

Biosynthetic labeling and immunoprecipitation studies. To assess
expression of IL-2R p55 and p70 chains, and production of bFGF,
preconfluent ECs (- 3 x 106), maintained in control medium for 48
h, were stimulated with native or heat-inactivated IFN-a (0.5 nM). At
the end of the incubation period, cells were rinsed twice in PBS, and
then cultured with native or heat-inactivated rIL-2 for an additional 4 h
in methionine- and cysteine-free MEM(GIBCO, Mascia Brunelli, Mi-
lan, Italy) supplemented with ["5S] methionine and [3"S]cysteine (200
,uCi/ml each). Culture supernatants were collected and centrifuged,
and monolayers were washed with PBS and lysed with Nonidet-P40
(0.5%). Cell lysates and supernatants were immunoprecipitated with
either the IgG fraction of rabbit monospecific anti-bFGF antibodies,
the IgG fraction of preimmune rabbit antibodies, mAbs against IL-2R

p55 or p70 chains, or with irrelevant mAbsof the same subclass. Then,
Protein G-Sepharose (50 ,l; Pharmacia, Milan, Italy) was added, the
precipitate was washed five times with Tris-HCl buffer (50 mM, pH
7.0), containing 1 MNaCl and 0.25% Nonidet-P40, boiled in Laemmli
stacking buffer, and applied to SDS/PAGE. After electrophoresis, auto-
radiography was performed.

In selected experiments, bFGF (35 ,g/ml) was added to both cell
lysates and supernatants of labeled ECbefore and during the incuba-
tion with anti-bFGF antibodies. The samples were concentrated with
Protein-G-Sepharose and the eluates were analyzed as above.

Pellet preparation and corneal implant. Aliquots of cytokine solu-
tions (IFN-a, 15 mg/ml; IL-2, 10 mg/ml), containing the indicated
amounts of IFN-a and/or IL-2, were evaporated to dryness at room
temperature. The residual pellet was incorporated into a casting solu-
tion of Elvax-40 (10%; Du Pont, Milan) in methylene chloride. The
solvent was evaporated, and the repolymerized Elvax-40 pellet was cut
into 1 X 1 X 0.5-mm fragments and further evaporated overnight
under vacuum at 4VC. The same procedure was followed for the prepa-
ration of control pellets with Elvax-40 alone.

Two parallel pockets were surgically produced onto each rabbit
cornea as previously described ( 11). In each rabbit, one pocket in the
right cornea received a pellet containing either IFN-a or IL-2 (in each
case, 50 ng) and the other pocket received a pellet with polymer alone;
the opposite cornea received two pellets containing either cytokine.
Corneas were observed daily for new vessel growth using a slit lamp
microscope. Implants were scored as inducing a positive angiogenic
response if preexisting capillary vessels in the limbus increased in diam-
eter and, after producing new vascular buds, progressed to reach the
pellet. Neovascularization was apparent by day 3 after implantation of
the corneal pellet, and reached the pellet within 8-10 d after surgery.
Experiments were also performed with greater amounts of each cyto-
kine alone in pellets (100, 500 ng, etc.). However, at concentrations
> 100 ng per pellet, an inflammatory response was variably observed
rendering interpretation of the data difficult.

Immunopathology of tissue samples for p55 and p70. Tissue sam-
ples, obtained from two patients with rheumatoid arthritis as well as
normal controls, were snap frozen in precooled isopentane, and frozen
sections were prepared in a Lipshaw cryostat, air-dried, fixed with ace-
tone, and washed in PBS(pH 7.4). Tissue sections were overlayed with
diluted mAb to p55 and p70, washed and then sequentially reacted
with affinity-isolated F(ab')2 fragments of rabbit anti-mouse IgG (H
and L) (Accurate Chemical & Science Corp., Westbury, NY), and
then with affinity-isolated, fluorescein isothiocyanate (FITC)-conju-
gated F(ab')2 fragments of goat anti-rabbit IgG (H and L) (same com-
pany). Sections were counterstained with a rhodamine isothiocyanate
(TRIC)-conjugated rabbit anti-human basement membrane anti-
serum to localize the arteriolar walls. After staining, the sections were
washed with PBS and sealed in PBS containing p-phenylendiamine.
FITC-labeled antibodies were absorbed with human serum. Control
sections were prepared as described above, but omitting application of
the mAbs.

Results

Effect of IFN-a and IL-2 on ECproliferation in vitro and in
vivo. Incubation of preconfluent ECs in medium with either
IL-2 or IFN-a alone, in the absence of an EC growth supple-
ment, led to only a modest increase in cell growth over the 72-h
period studied (Fig. 1 ). WhenECs were exposed to both cyto-
kines simultaneously, there was a pronounced stimulation of
[ 3H ] thymidine incorporation (Fig. 1 ), which was paralleled by
an increase in cell number (an increase of fourfold in ['H]-
thymidine incorporation was parallelled by a greater than
threefold rise in cell number; data not shown). Enhancement
of cell growth was dependent on the concentration of both
EIN-a and IL-2. At fixed concentrations of lN-a ( 50 pMand
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Figure 1. Effects of IL-2 and IFN-a on 3H-thymidine incorporation
by cultured human ECs. Subconfluent ECs were incubated for 24 h
in complete medium, followed by maintenance for 96 h in control
medium. The fresh control medium containing no further addition
(m), 50 pM IFN-a (v), or 500 pM IFN-a (a), was added for 72 h.
Incorporation of 3H-thymidine was studied as described in the text.
Data shown (mean±SD of triplicate determinations) are the results
of one representative experiment, selected from five studies.

500 pM), the EC mitogenic response was dependent on the
dose of IL-2, being half-maximal at 200 pMand maximal by

1 nM in each case (Fig. 1). The optimal combination of
IFN-a (500 pM; higher concentrations did not give greater
mitogenic effect) and IL-2 (1 nM) for enhancement of growth
resulted in more than a fourfold increase in [3H]thymidine
incorporation, whereas saturating amounts of bFGF (500
pM), one of the most potent stimulators of human ECgrowth
(5, 6), increased [3H]thymidine labeling by about fivefold
(data not shown). These data indicated that IL-2 and IFN-a
could exert a profound, and potentially significant effect on EC
growth.

To extend these observations in cell culture to the in vivo
setting, the angiogenic response induced by IL-2 and IFN-a
was assessed in the rabbit cornea model. When studied sepa-
rately, the two cytokines exhibited different angiogenic proper-
ties. IL-2 alone (50 ng) was only marginally effective, produc-
ing no response in 75% of the implants, and resulting in only
sparse capillary buds, starting from the limbal region and pro-
gressing through one third of the corneal stroma underlying the
pellet (Fig. 2, top) in the remaining 25% of implants (similar
results were observed at 100 ng of IL-2). IFN-a (50 ng) was
more effective in promoting capillary neoformation, in that
50% of the implanted pellets elicited formation and progres-
sion of capillaries that reached the pellet (Fig. 2, middle) (simi-
lar results were observed at 100 ng of IFN-a). When the two
cytokines were tested simultaneously (each at 50 ng per pellet),
the angiogenic response was far more potent: virtually all im-
plants exhibited neovascularization, and the number and
growth rate of the newly formed vascular network was dramati-
cally potentiated (Fig. 2, bottom).

In order to assess the mechanisms through which the combi-
nation of IFN-a and IL-2 enhanced EC proliferation, cultures
in control medium were preincubated with either IL-2 or IFN-
a for 18 h, washed with HBSS, and then the effect of adding the
other cytokine was studied over the next 48 h. Cultures ex-
posed to TL-2, and then exposed to IFN-az, showed no increase

Figure 2. Angiogenic activity of IL-2 and IFN-a in the rabbit cornea
model. Rabbit corneas were implanted with pellets containing either
IL-2 alone (50 ng; top), IFN-a alone (50 ng; middle), IL-2 plus IFN-
a (each at 50 ng; bottom), or no addition. Photomicrographs of the
corneas are shown 10 d later. Corneas implanted with pellets not
containing any cytokines showed no significant angiogenic response.
Magnification: x8.

in [3H I thymidine incorporation above that seen in control me-
dium alone (Fig. 3). In contrast, preincubation of ECs with
IFN-a did enhance the mitogenic response to subsequently
added IL-2 (Fig. 3). The optimal preincubation time of ECs
with IFN-a for a maximal mitogenic response on addition of

2506 Cozzolino et al.



g- ov
0

x

E
0. 60

0

o 40a
0

a

0' 20
E
c

In n

6 -

0
m

2

0 10-3 10.2 10- 10

Concentration of stimulating cytokine (nM)

Figure 3. Effect of sequential addition of IFN-a and IL-2 on stimula-
tion of endothelial 3H-thymidine incorporation. ECcultures were
preincubated with either IFN-a (0.5 nM; m) or IL-2 (0.5 nM; A) for
18 h, washed with HBSS, and then the indicated concentration of
the cytokine (either IL-2 or IFN-a) to which the culture had not yet
been exposed was added for 48 h. Incorporation of 3H-thymidine
was determined as described in the text. Data shown represent the
mean±SDof triplicate determinations.

IL-2 was about 24 h (data not shown). These data suggested
that IFN-a was priming the ECs to respond to IL-2.

Effect of IFN-a on ECbinding sites for IL-2. One means
through which IFN-a could alter the effects of IL-2 on ECs
would be by modulating endothelial expression of IL-2 binding
sites. Unstimulated EC monolayers incubated with 1251-IL-2
showed dose-dependent binding, half-maximal at 7 nM
(Fig. 4). WhenECs were pre-incubated with IFN-a, the affin-
ity of '25I-IL-2 binding increased significantly with Kd 260
pM (Fig. 4). Inhibition of 1251-IL-2 binding to unstimulated
and IFN-a-treated ECs by mAbto p55 demonstrated that the
IL-2 receptor was responsible for interaction of IL-2 with endo-
thelial cultures (Table I).

Although the affinity of IL-2 for IFN-a-treated ECs was
lower than that of the high-affinity IL-2 receptors on lymphoid
cells (Kd 10 pM) (10), these IL-2 binding sites appeared to
be functional, based on three lines of experimental evidence.
First, addition of antibody to the IL-2 receptor p55 chain
blocked ECproliferation induced by IL-2 in cultures preincu-
bated with IFN-a (Table II). Second, occupancy of these IL-2
binding sites by ligand (Fig. 4) correlated with IL-2-mediated
enhancement of EC proliferation (Fig. 1). Third, binding of
1251-IL-2 at 370C to ECs pretreated with IFN-a resulted in inter-
nalization of the tracer: specifically cell-associated 1251-IL-2 was
present on the cell surface (eluted in the presence of acidic
buffer) and in an internalized pool (released by dissolution of
the cells with detergent after removal of surface-bound pool)
(data not shown). Resistance of the pool of internalized 125I-
IL-2 to elution with acidic buffer was not due to irreversible
binding to a cell surface structure, as it was not released by
exposure of cultures to trypsin, and no higher molecular weight
complex of ligand with another protein was evident on SDS-
PAGE. Thus, it was concluded that this pool of cell-associated
125ML-2 on IFN-a-treated ECs was intracellular. When heat-
inactivated IFN-a was substituted for the native molecule, only
very small amounts of endocytosed 1251-IL-2 were observed
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Figure 4. Binding of '251-IL-2 to EC: effect of IFN-a. EC cultures,
preincubated in control medium alone (A) or control medium sup-
plemented with IFN-a (0.5 nM; a) for 24 h, were exposed to 125I-IL-2
alone (total binding) or '251-IL-2 in the presence of excess unlabeled
IL-2 (nonspecific binding). The internalization/binding assay was
performed as described in the text, and data was fit to a one-site
model by nonlinear least-squares analysis: Kd 6.1±0.3 nMand 1,600
binding sites for unstimulated cultures, and Kd 260±30 pMand 1,800
binding sites for IFN-a-treated cultures. Values shown represent the
mean of triplicate determinations at each point (SEM was always
< 15%). Inset: Scatchard analysis of the same data.

Table I. Binding of '251-IL-2 to ECs: Effect of Anti-p55 mAb*

Cell-associated
Stimulus mAbadded '25I-IL-2 bound

fmole/well

Nil anti-p55 IgG 0.38±0.04
Nil control IgG 1.90±0.21
IFN-a anti-p55 IgG 0.55±0.11
IFN-a control IgG 3.33±0.33

* ECcultures were preincubated with either control medium alone
(Nil) or control medium supplemented with 0.5 nM IFN-a for 24 h.
Then, cultures were washed, and either anti-p55 mAbor an irrelevant
mAbof the same subtype was added for 30 min at room temperature.
Finally, '251-IL-2 (1 nM) alone (total binding) or '251-IL-2 in the
presence of excess unlabeled IL-2 (nonspecific binding) was added
for 40 min at 37°C. Cultures were then washed to remove unbound
'251-IL-2, and surface-associated radioactivity was eluted, as described
in the text. Specifically (total minus nonspecific) cell-associated 125I-
IL-2 is shown (mean±SD of triplicate determinations). The results of
one experiment out of three performed are shown.
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Table II. Effect of Anti-IL-2 Receptor p55 Chain IgG
on IL-2-induced Proliferation of ECs Treated with IFN-a*

[3H]thymidine in the presence of

Anti-p55 Control
Stimulus Medium IgG Ig

cpm

Nil 11,150 13,450 12,300
rIL-2 (10 ng/ml) 44,667 7,853 45,672

* EC cultures were preincubated with control medium supplemented
with IFN-a (0.5 nM) for 24 h, cultures were washed, and then IL-2
(0.5 nM) was added either alone (medium), or in the presence of
anti-p55 IgG (10 Ag/ml), or of control IgG (10 ,g/ml). Data shown
(mean of triplicate determinations; SD was always < 10%) are the
results of one experiment out of three performed.

(data not shown). Experiments under the same conditions
with acetylated LDL substituted for '251I-IL-2 did not demon-
strate increased EC uptake (data not shown). This suggests
that enhanced receptor-mediated endocytosis of IL-2 on IFN-
a-treated ECs was not a general finding for all EC receptor-li-
gand interactions.

Effect of IFN-a on expression of endothelial IL-2 receptor
p55 and p70 chains. The high-affinity IL-2 receptor is a com-
plex, multichain structure, which, in lymphoid cells, is com-
posed of at least two cytokine-binding molecules, the p70 chain
and the p55 chain, as well as a number of other molecules that
become noncovalently associated after interaction with the li-
gand ( 10, 12). The shift in the affinity of IL-2 binding to ECs
following preincubation with IFN-a suggested that changes in
expression of EC IL-2 receptor chains might be occurring. To
test this hypothesis, ECcultures were biosynthetically labeled,
and lysates were immunoprecipitated with murine mAbs to
p70 or p55. SDS-PAGEanalysis of immunoprecipitates with
anti-p70 mAbshowed a 70-kD protein only in lysates of ECs
exposed to IFN-a, but not in untreated controls (Fig. 5 A, lanes

A

97-

68- 97

688

46-

1~ ~~~ ~~~~~2, 1Y

Figure 5. SDS-PAGE
analysis of IL-2 receptor
p55 and p70 chains ex-
pression by cultured
ECs: effect of IFN-a.

B Preconfluent ECs main-
tained for 48 h in con-
trol medium, were ex-
posed for 4 h to either
fresh methionine- and
cysteine-free control
medium containing
[35S] methionine and
[35" cysteine and no
cytokines, or with the
same medium with

IFN-a (0.5 nM). Cultures were lysed and subjected to immunopreci-
pitation with mAbs to p70 (A) or to p55 (B). Lysates were immunopre-
cipitated with the same amount of mAb(see text for details of proce-
dure). (A) Lane 1, quiescent ECs; lane 2, IFN-a-treated cells. (B)
Lane 1, quiescent ECs; lane 2, IFN-a-treated cells. The migration of
standard proteins, run simultaneously, is indicated by the marker
bars in kilodaltons.

I and 2). In contrast, in immunoprecipitates with anti-p55
mAb, a 55-kD protein was detected in lysates of quiescent cul-
tured ECs, and exposure to IFN-a enhanced its expression
(Fig. 5 B, lanes I and 2). Note that an irrelevant murine mAb
did not precipitate either band migrating in the 50-80-kD mo-
lecular mass range (data not shown).

Association of IL-2 receptor p55 and p70 chains with endo-
thelium in vivo. In view of the EC expression of p55 and p70
observed in cell culture, we investigated whether IL-2 receptors
could be associated with endothelium in vivo. Our attention
was focused on rheumatoid arthritis, a situation in which an-
giogenesis in the joint space occurs in the context of an abun-
dance of activated lymphoid cells likely to be producing cyto-
kines (7). Indirect immunofluorescence of synovial tissues
from a patient with rheumatoid arthritis with mAbsto p55 and
p70 antigens demonstrated a focal distribution in the small
blood vessels (Fig. 6, A and C). No p55 or p70 antigen could be
detected in joint tissue from normal individuals or a patient
with osteoarthritis (data not shown). Although the latter obser-
vation would appear to conflict with the constitutive expres-
sion of p55 seen in cultured ECs above, it is possible that this
represents another change in ECphenotype which occurs when
umbilical vein ECs adapt to tissue culture.

Effect ofIFN-a and IL-2 on ECsynthesis, release, and inter-
nalization of bFGF. The effectiveness of IL-2 and IFN-a in
stimulating ECgrowth, which was similar in magnitude to the
effect of bFGF, suggested the possibility that these cytokines
might alter expression/availability of EC bFGF. To test this
hypothesis, EC monolayers were pulsed with IFN-a for 18 h,
and then proteins were biosynthetically labeled in the pres-
ence/absence of IL-2 for 4 h. Analysis of cell lysates precipi-
tated with monospecific polyclonal IgG raised to bFGFdemon-
strated a band with Mr ; 17 kD in unstimulated ECs (Fig. 7,
left, lane 3). This band disappeared on addition of excess unla-
beled bFGFduring incubation with the primary antibody (Fig.
7, middle, lanes 1 and 2). Several other, more slowly migrating
bands, immunoprecipitated with anti-bFGF antibodies from
ECs, also disappeared on addition of unlabeled bFGF, consis-
tent with previous reports of higher Mr forms of bFGFin endo-
thelium ( 13). Taken together, these data indicate that the meta-
bolically labeled protein of Mr 17 kD, immunoreactive with
anti-bFGF antibodies, was most likely EC-derived bFGF. Lev-
els of metabolically labeled bFGF in cell lysates were increased
on exposure of cultures to IFN-a (Fig. 7, left, lane 2).

In contrast to the rise in bFGF levels induced by IFN-a,
subsequent addition of IL-2 led to a decrease in immunoprecip-
itable bFGF in cell lysates (Fig. 7, left, lane 1). The apparent
reason for this decrease in intracellular bFGFwas evident from
SDS-PAGEanalysis of culture supernatants from IFN-a/IL-
2-stimulated ECs (Fig. 7, right): although bFGFwas undetect-
able in medium from quiescent cultures (Fig. 7, right, lane 1),
and was barely detectable in IFN-a-treated cells (Fig. 7, right,
lane 2), considerable amounts of bFGF were present in the
medium from ECs exposed sequentially to IFN-a and IL-2
(Fig. 7, right, lane 3). The likely identity of metabolically la-
beled protein with Mr 17 kD in the supernatant of IFN-a/
IL-2-treated ECs with bFGFwas emphasized by its disappear-
ance in the presence of excess unlabeled bFGF (data not
shown).

These data support the hypothesis that IFN-a and IL-2
drive EC proliferation via enhancing EC synthesis and release
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Figure 6. Expression of IL-2 receptor chains in rheumatoid synovium.
p55 (A) and p70 (C) antigen expression was detected by indirect
immunofluorescence, using FITC-conjugated antibodies, in frozen
tissue sections prepared from synovial biopsies. Sections were coun-
terstained with a rhodamine isothiocyanate (TRIC)-conjugated rab-
bit anti-human basement membrane antiserum. (A) p55 is expressed
along the endothelium (arrow) of an arteriole. (B) The same field
as in A is viewed with a rhodamine filter system to localize the base-
ment membrane of the arteriolar wall. (C) p70 is expressed by endo-
thelium (arrow) of an arteriole. (D) The same field as in Cis viewed
with a rhodamine filter system to localize the arteriolar wall. Magni-
fication, x400.

of bFGF. To test this directly, ECs were stimulated with IFN-a
and IL-2 in the presence of neutralizing anti-bFGF IgG (Table
III). IFN-a/IL-2-enhanced proliferation was blocked by 50-

Table III. Effect of Anti-bFGF Antibodies on IL-2-induced
Proliferation of ECs Treated with IFN-a*

[3Hlthymidine in the presence of

Anti-bFGF Control
Stimulus Medium IgG IgG

cpm

Nil 6,988 5,450 7,300
rIL-2 (50 pM) 18,840 9,100 19,780
rIL-2 (0.5 nM) 30,450 13,280 29,980

* Preconfluent ECs were maintained in control medium for 48 h, then
IFN-a (0.5 nM) was added for 24 h, followed by either no further
addition (Nil) or the addition of IL-2 (50 pMor 0.5 nM), alone (me-
dium) or in the presence of rabbit anti-bFGF IgG (10 /iLg/ml), or
control rabbit IgG (10 ,gg/ml) for 48 h. [3H]thymidine incorporation
was determined as described in the text. Data shown are the means
of triplicate determinations (SD was always < 10%). One experiment
representative of three performed is shown.

Figure 7. SDS-PAGEanalysis of bFGF synthesis and release by cul-
tured ECs: effect of IFN-a and IL-2. ECmonolayers were maintained
in control medium for 48 h, stimulated or not with IFN-a (0.5 nM)
for 18 h, washed, and then cultured in methionine- and cysteine-free
MEMcontaining (35S] methionine and [35SJcysteine for an additional
6 h in the presence or absence of IL-2 (0.5 nM). Immunoprecipita-
tion was performed on cell lysates (left and middle panels) and culture
supernatants (right panel), using rabbit anti-bFGF IgG (5 Og/ml).
Where indicated, bFGF (35 ,g/ml) was added to samples during the
incubation with the anti-bFGF IgG. Details of procedure are de-
scribed in the text. Left (cell lysates): lane 1, quiescent ECs, no cyto-
kines added; lane 2, ECs exposed to IFN-a; lane 3, ECs exposed to
IFN-a and IL-2. Middle: lysates of IFN-a-treated ECs immunoprecip-
itated in the presence (lane 1) or in the absence (lane 2) of excess
unlabeled bFGF. Right: (supernatants): lane 1, quiescent ECs, no
cytokines added; lane 2, ECs exposed to IFN-a; lane 3, ECs exposed
to IFN-a and IL-2.

60% by antibody to bFGF (10 ,ug/ml), whereas nonimmune
IgG was ineffective. Although higher concentrations of anti-
bFGFantibodies (50 ,ugg/ml) completely blocked IFN-a/IL-2-
mediated stimulation of ECproliferation (and preimmune IgG
at the same concentration was without effect), these levels of
anti-bFGF IgG resulted in a looser attachment of ECs to the
growth substrate, leading to a variable cell loss during washing
procedures and less reproducible results.

Table IV. Parameters of "2sI-bFGF Binding to ECs Exposed
to IFN-a and IL-2*

Stimulus Kd Binding sites per cell

pM

Nil 80±9 7,702±1,890
IFN-a 64±8 6,862±943
IFN-a + IL-2 51±7 8,937±1,914

* Preconfluent ECs were maintained in control medium for 48 h, and
were then exposed to control medium containing either no further
additions (Nil), IFN-a (0.5 nM), or IFN-a + IL-2 (each at 0.5 nM) for
24 h. Cultures were then washed and radioligand binding assays were
performed at 4°C with '25I-bFGF in the presence/absence of excess
unlabeled bFGF, as described in the text. Specifically bound '25I-
bFGF versus free/added '25I-bFGF was analyzed by nonlinear least
squares analysis using a one-site model. Binding parameters are
shown above for each of the three conditions.
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To further probe the effect of IFN-a and IL-2 on the inter-
action of bFGF with ECs, radioligand binding experiments
were performed with 1251-bFGF at 40C. The results showed that
neither the affinity nor the total number of ECbinding sites for
bFGFwas significantly altered by IFN-a alone or IFN-a/IL-2
(Table IV). In contrast, internalization of 1251-bFGF at 370C
was enhanced in ECs which had been exposed to both cyto-
kines (Fig. 8). Endocytosed or internalized 1251I-bFGF was de-
fined as that pool of specifically cell-associated radioligand
(i.e., total '25I-bFGF minus nonspecifically cell-associated 12511
bFGF, the latter defined as that observed in the presence of
excess unlabeled bFGF) remaining bound after elution of the
surface-associated pool by an acid wash (14). Quiescent cul-
tures internalized only small amounts of '25I-bFGF, and cul-
tures preincubated with either IFN-a or IL-2 alone showed
uptake of only slightly greater amounts of bFGF. However,
ECs exposed to both cytokines internalized enhanced amounts
of '251-bFGF (Fig. 8). Control experiments under the same
conditions with acetylated LDL did not demonstrate increased
cellular uptake, suggesting that enhanced receptor-mediated
endocytosis of bFGFby ECs treated with IFN-a/IL-2 was not a
general finding for all ECreceptor-ligand interaction (data not
shown).

Discussion

The findings reported here indicate that ECs exposed to IFN-a
become responsive to the mitogenic effects of IL-2. Although
prior studies have described a direct effect of IL-2 alone on
cultured ECs, in terms of prostacyclin release, increased perme-
ability, and, under certain circumstances, also cell proliferation
(15-17), in our studies IL-2-mediated stimulation of EC
growth required endothelial activation, brought about by IFN-
a. Consistent with this interpretation, IFN-a-treated ECsdem-
onstrated a close correlation between concentrations of IL-2
which induced EC proliferation and those which resulted in
occupancy of endothelial IL-2 binding sites, and internaliza-
tion of ECsurface-bound IL-2 occurred only after exposure to
IFN-a. The means through which IFN-a exerted its ECeffects
in this context appeared to involve, at least in part, enhanced
expression of the p55 chain (whose constitutive expression by
cultured ECs had been previously reported [ 17 ]) and induction
of the p70 chain of the IL-2 receptor, allowing the cells to re-
spond to added IL-2 by an as yet undefined signal transduction
pathway that eventuated in release of bFGF. The results of
immunohistologic studies of synovial tissues from rheumatoid
joints, which displayed vascular staining for p55 and p70, sup-
port the observations in cell culture. Although these data do
not prove that ECs synthesize p55 and p70 in vivo, it lends
support to the concept that p55 and p70 can have a vascular
distribution, and, potentially, vascular expression.

EC proliferation in cultures pretreated with IFN-a ap-
peared to reflect several underlying mechanisms, principally
involving the synthesis and release of bFGF. IFN-a increased
intracellular levels of bFGF, but did not lead to detectable
bFGF in culture supernatants. Addition of IL-2 to IFN-a-
stimulated ECcultures led to release of bFGFinto the medium,
and was followed by stimulation of cell growth. In that bFGFis
a polypeptide which lacks a signal sequence (5), this raises the
intriguing question of whether its presence in supernatants was
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Figure 8. Internalization of '25I-bFGF by ECs exposed to IFN-a. Cul-
tured ECs were maintained for 48 h in control medium, and then
incubated in the same medium with no further addition or supple-
mented with IFN-a alone (0.5 nM) for 24 h. Cells were then washed
and endogenous FGFbound to cell surface receptor was eluted with
acidic buffer. Cultures were then incubated for 2 h at 37°C with no
further additions (IFN-a) or containing IL-2 (0.5 nM; IFN-a + IL-2)
or heat-inactivated IL-2 (0.5 nM; IFN-a + HI. IL-2), supplemented
with '25I-bFGF alone (0.5 nM) or in the presence of a 200-fold molar
excess of unlabeled bFGF. The bar designed IL-2 denotes cultures
exposed to control medium alone (i.e., no IFN-a) in the first phase
and IL-2 (0.5 nM) in the second phase. After the incubation period,
cultures were washed to remove unbound ligand, cell-surface asso-
ciated ligand was eluted by exposure to acidic buffer, and the re-
maining cell-associated radioactivity, the internalized pool, was re-
leased by dissolving the cultures in detergent-containing buffer. Data
shown are specifically internalized '25I-bFGF (mean±SEM of tripli-
cate determinations) which was defined as total internalized 1251I
bFGF (that observed in cultures incubated with the tracer alone)
minus non-specifically internalized 1251-bFGF (that observed in cul-
tures incubated with the tracer in the presence of excess unlabelled
ligand).

the result of an active process of secretion or else of passive
discharge from damaged cells; however, in ECcultures stimu-
lated with IFN-a /IL-2 we could observe no increase in cellular
trypan blue uptake, no increase in release of LDH, and no
evidence of increased numbers of floating/detached cells. Fur-
thermore, lysates of many more endothelial cells than were
present in our experiments would be required to obtain the
proliferative effects exhibited by cultures exposed to IFN-a/IL-
2 (data not shown). In support of this concept, secretion of
bFGF has recently been documented in other instances in
which cellular toxicity appears to be unlikely; Kandel and col-
leagues demonstrated bFGF release from fibrosarcoma cells
which promoted neoangiogenesis in a transgenic mouse model
(18), and Mignatti and colleagues showed that migration of
single, isolated EC, mediated by autocrine bFGF, could be
blocked by neutralizing antibodies ( 19). In this context, other
polypeptides which lack a signal peptide, including IL- I , (20),
thioredoxin (21), prothymosin a (22), anchorin CII (23), a
platelet-derived EC growth factor (24), are also known to be
released from cells in the absence of overt changes in cell viabil-
ity, though the detailed mechanisms involved have yet to be
elucidated (25). Once released into culture supernatants, it has
been amply demonstrated that bFGF effectively enhances cell
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growth, as 3T3 cells transfected with a construct of bFGFcon-
taining a signal peptide resulted in efficient export of growth
factor from the cell and potent stimulation of cell growth (26).

Stimulated cultured endothelium expressing the p55 and
p70 chains of the IL-2 receptor bound the ligand with a Kd

260 pM. Although this is considerably higher-affinity bind-
ing than that observed for IL-2 binding to unstimulated cul-
tured ECs, the latter cells expressing only p55, it is lower than
the affinity for IL-2 displayed by the receptor on activated lym-
phoid cells; however, in the IL-2 system, the affinity per se is
not critical. In fact, 3T3 fibroblasts co-transfected with cDNAs
encoding both the p55 and p70 chains of the receptor express
IL-2 binding sites which have a Kd 60 pMand which medi-
ate internalization of cell-bound ligand, but do not transmit
any growth signal (27); on the other hand, oligodendroglioma
cells transfected with a p70-encoding cDNAcan bind IL-2 with
intermediate-affinity sites (; 2 nM), but are sensitive to the
growth-promoting effect of the cytokine (28). Indeed, the p70
chain, upon binding to IL-2, associates with at least a third
molecule (in lymphoid cells, the tyrosine kinase p56Ick [12]),
that appears to participate in delivering the proliferative stimu-
lus and may enhance the affinity of cytokine binding to the
receptor (12). Intracellular signal transduction mechanisms
activated by IL-2 in endothelium are likely to be peculiar, with
the final proliferative stimulus arising from bFGF/FGF recep-
tor interaction.

Further studies will be required to assess the full spectrum
of EC properties modulated by IFN-a/IL-2, but from the re-
sults thus far, it is likely that the effector mechanisms activated
will provide insights into the pathogenesis of vascular reactions
in certain immune/inflammatory settings. For example, per-
turbation of EC properties may underlie the observation that
IFN-a and IL-2 together induce marked hemorrhagic and exu-
dative lesions in an experimental model of Goodpasture's
pneumonitis (16). In another context, IFN-a/IL-2-induced
release of bFGF can elicit EC production of proteases (29),
potentially facilitating blood vessel invasion as occurs in the
rheumatoid pannus. On the other hand, our results raise many
questions, such as the reason for the difference between the
effect of IFN-a to cause regression of abnormal vascular struc-
tures (i.e., hemangiomas) (30) versus the angiogenic potential
of this cytokine in the rabbit cornea model and its mitogenic
properties for cultured endothelium. The neoplastic nature of
hemangioma cells may account for this discrepancy; a relevant
example of functional differences between neoplastic and nor-
mal endothelium is the proliferation of Kaposi's sarcoma cells
in response to IL- 1 (31 ), which acts as a growth-inhibitory
cytokine for normal ECs (9, 32). Future studies will be re-
quired to fully elucidate the phenotype ofthe IFN-a / IL-2-stim-
ulated endothelial cell.
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